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  Biologists have been researching the functional trait diff erences be-
tween invasive and noninvasive plant species since 1965 when 
Baker identifi ed traits that he associated with the “ideal weed” 
( Baker, 1965 ,  1974 ). Multiple studies support Baker’s claims that 
invasive species typically have smaller seeds, shorter juvenile stages, 
shorter intervals between seed production ( Rejmánek and Richard-
son, 1996 ), and the ability to spread clonally ( Th ompson et al., 
1995 ). Comparisons of noninvasive and invasive species have re-
vealed other biological traits that are associated with invasive spe-
cies, including higher relative growth rates (RGR) ( Grotkopp et al., 
2002 ;  Burns, 2004 ;  Burns and Winn, 2006 ;  Grotkopp and Rejmánek, 
2007 ;  James and Drenovsky, 2007 ;  Schumacher et al., 2009 ;  Matzek, 
2012 ), higher specifi c leaf areas (SLA) ( Burns, 2006 ;  Grotkopp and 
Rejmánek, 2007 ;  James and Drenovsky, 2007 ;  Schumacher et al., 2009 ; 
Matzek, 2012 ), and higher leaf area ratios (LAR) ( Daehler, 2003 ; 
 Matzek, 2012 ). Such functional traits (i.e., measurable morphologi-
cal, physiological, and phenological characteristics that change in 
relation to abiotic and biotic factors;  Drenovsky et al., 2012a ) are 
associated with more rapid resource acquisition. By rapidly acquir-
ing resources, highly invasive species are able to quickly produce 
biomass ( Grotkopp et al., 2010 ) and thus outcompete neighboring 
plant species. By increasing competitive ability, the expression of 
specifi c functional traits may drive invasiveness. 
 Another common hypothesis in invasion ecology is the role of 
phenotypic plasticity, or the ability to alter functional traits in re-
sponse to the environment, in driving invasiveness ( Daehler, 2003 ; 
 Sultan, 2003 ;  Richardson and Pys, 2006 ). Trait plasticity aff ects 
plant performance and fi tness of individual organisms across envi-
ronmental gradients ( van Kleunen and Fischer, 2004 ;  Richards 
et al., 2006 ;  Valladares et al., 2007 ) and can be adaptive (increases 
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 Functional trait values, not trait plasticity, drive the 
invasiveness of  Rosa sp. in response to light availability 1 
 Jennifer E.  Murphy 2,3,5 ,  Jean H.  Burns 2 ,  Marie  Fougère-Danezan 4 , and Rebecca E.  Drenovsky 3 
 PREMISE OF THE STUDY : Functional trait plasticity in resource capture traits has been suggested as an underlying mechanism promoting invasive species 
establishment and spread. Earlier studies on this mechanism treat invasiveness as a discrete characteristic (i.e., invasive vs. noninvasive) and do not con-
sider the potential impacts of evolutionary history. In the present study, we used a continuous measure of invasiveness and a phylogenetic framework to 
quantify the relationship between functional trait expression, plasticity, and invasiveness in  Rosa . 
 METHODS : In a manipulative greenhouse experiment, we evaluated how light availability aff e cts functional traits and their plasticity in  Rosa sp. and the 
out-group species,  Potentilla recta , which vary in their invasiveness. 
 KEY RESULTS : Across functional traits, we found no signifi cant relationship between plasticity and invasiveness. However, more invasive roses demon-
strated an ability to produce a more branched plant architecture, promoting optimal light capture. Invasiveness also was linked with lower photosynthetic 
and stomatal conductance rates, leading to increased water-use effi  ciency (WUE) in more invasive roses. 
 CONCLUSIONS : Our results suggest that functional trait values, rather than plasticity, promote invasive rose success, counter to earlier predictions about 
the role of plasticity in invasiveness. Furthermore, our study indicates that invasive roses demonstrate key functional traits, such as increased WUE, to 
promote their success in the high-light, edge habitats they commonly invade. 
 KEY WORDS      global invasiveness; invasive species; phylogenetic generalized least squares (PGLS);  Rosa multifl o ra ;  Rosaceae; shrub invasion dynamics; 
woody plants 
 fi tness) or maladaptive (decreases fi tness) ( van Kleunen and 
Fischer, 2004 ;  Burns and Winn, 2006 ;  Valladares et al., 2007 ). A 
meta-analysis of 75 invasive and noninvasive species suggests that 
invasive species are more plastic in growth, morphological, and 
physiological responses ( Davidson et al., 2011 ). However, research 
has also indicated that plasticity of SLA ( Godoy et al., 2011 ;  van 
Kleunen et al., 2011 ;  Drenovsky et al., 2012b ), root mass ratio 
(RMR) ( Godoy et al., 2011 ;  Drenovsky, et al., 2012b ) and water-use 
effi  ciency (WUE) ( Godoy et al., 2011 ) are not correlated with inva-
siveness. Th us, a comprehensive understanding of the relationship 
that may exist between invasiveness, functional traits, and pheno-
typic plasticity has not been achieved. 
 We propose that three factors limit our current understanding 
of the role of functional traits and plasticity in driving invasiveness. 
First, many studies attempting to identify specifi c traits that pro-
mote “invasiveness”, have compared “non-native” species and “na-
tive” species. Such studies are not adequate comparisons because 
they do not take into consideration the ability of a native species to 
become invasive elsewhere ( Burns, 2004 ;  Burns and Winn, 2006 ). 
Second, many studies typically deal with small spatial scales and 
compare discrete categories of organisms (e.g., invasive, noninva-
sive, native) ( Dawson et al., 2012 ). Because invasiveness is not a 
discrete characteristic with well-defi ned boundaries, categorizing 
organisms into binary groups does not adequately represent the 
continuity of invasiveness or account for a species’ full distribution 
extent. Th ird, few studies have accounted for phylogenetic relation-
ships among experimental species. Because plant responses may be 
constrained by evolutionary history, studies cannot accurately as-
sess diff erences in functional trait responses among invasive and 
less invasive species without accounting for phylogeny ( Felsenstein, 
1985 ;  Martins and Hansen, 1997 ;  Richards et al., 2006 ). Th us, to 
assess whether traits and plasticity play a role in driving invasive-
ness, experiments must assess eff ects of phylogenetic history when 
testing the continuity of invasiveness within the context of a large 
global distribution. 
 To accurately evaluate biological invasions as a global phenom-
enon, invasiveness needs to be studied on systems that not only 
have large global distributions, but also have high economic and 
environmental importance, promoting their introduction through-
out multiple regions. Such an ideal system can be found in woody 
plant species. Th e large distribution extent of woody plants is tightly 
linked to their importance in the ornamental and horticultural 
trades ( Pemberton and Liu, 2009 ;  Richardson and Rejmanek, 
2011 ), resulting in 751 woody shrub species from 90 families be-
coming established across the globe ( Rejmánek and Richardson, 
2013 ). We chose members of the family Rosaceae to test the role of 
functional traits and plasticity in driving invasiveness in woody 
plants because their economic importance has resulted in approxi-
mately 92 species becoming invasive ( Binggeli, 1996 ). More specifi -
cally, our study concentrates on the large genus  Rosa whose use as 
ornamentals ( Weidema, 2006 ), soil erosion controls, wild-life habi-
tats, and as “living fences” for pastures ( Rhoads and Block, 2011 ; 
 DiTomaso et al., 2013 ) has resulted in many species having large 
distribution extents. Additionally,  Rosa species vary greatly in their 
invasiveness potential and have a well-estimated phylogeny ( Fig. 1 ). 
However, minimal research has been conducted on the morpho-
logical and physiological characteristics of this genus, beyond stud-
ies relevant to horticultural varieties. 
 Because rapid colonization by invasive species has been directly 
linked to light availability ( Brothers and Spingarn, 1992 ;  Pauchard 
and Alaback, 2006 ;  Flory and Clay, 2009 ), light was chosen as a lim-
iting resource to observe trait expression and trait plasticity of 
weedy and nonweedy roses. Light availability greatly infl uences 
plant form and function, and its quantity and quality can vary 
greatly between and within habitats. Additionally, high light avail-
ability is a prominent characteristic of the edge habitats that wild 
roses typically inhabit. Th us, the expression and plasticity of light-
use traits that promote optimal light capture may be one of the un-
derlying mechanisms promoting the rapid colonization of invasive 
roses in high-light habitats. 
 Within a phylogenetic framework, the main objective of this 
study was to determine possible correlations between invasiveness 
(i.e., invasive status and distribution extent at the continental level) 
and specifi c functional traits in  Rosa . First, we compared early life 
history traits of  Rosa species in which we hypothesized that inva-
siveness would be positively associated with those traits increasing 
the probability of species establishment and spread (i.e., smaller 
seed size, fewer average days to germination). Second, we tested 
functional trait plasticity between  Rosa species in diff erent light en-
vironments. We hypothesized that, across light environments, in-
vasiveness of  Rosa species would be positively associated with trait 
values related to rapid resource capture and growth (e.g., higher 
SLA, higher leaf area ratio (LAR), higher photosynthetic rate, high 
total leaf production). Furthermore, it was also hypothesized that 
in response to changes in light availability, invasiveness would be 
positively correlated with higher plasticity in those traits. 
 MATERIALS AND METHODS 
 Selection of experimental roses — Fourteen  Rosa species were used 
in this experiment and were chosen based upon known phylogeny, 
invasiveness, and seed availability ( Table 1 ). According to the 
USDA Plants Database, the  Rosa species used in this experiment 
are perennial shrub species that vary in their native origins.  Poten-
tilla recta and  Rubus parvifl orus are sister taxa to  Rosa and were 
included in this experiment as outgroup species. Additionally, 
these outgroup species were chosen based upon their taxonomic 
relationship to the  Rosa genus, growth pattern, and seed availabil-
ity. According to the USDA Plants Database,  R. parvifl orus is a pe-
rennial subshrub species, whereas  P. recta is a perennial forb/herb 
( Table 1 ). 
 Quantifying global invasiveness — Invasiveness was determined 
for each species based upon information reported by the online da-
tabase, the Global Compendium of Weeds (GCW;  http://www.
hear.org/gcw/ ) ( Randall, 2007 ). Th e GCW is updated on a regular 
basis and includes references pertaining to the global distribution 
and invasiveness for  ≥ 28,000 plant taxa ( Randall, 2007 ). Further-
more, it is recognized as an accurate and reliable resource for as-
sessing invasiveness from a global perspective ( Pyšek et al., 2009 ; 
 Grotkopp et al., 2010 ;  Dawson et al., 2011 ,  2012 ). 
 For this study, the degree of invasiveness was determined by evalu-
ating three diff erent components reported by the GCW: invasive sta-
tus, cited references, and global distribution. Using these components, 
we assessed invasiveness with ranking systems similar to those in 
other studies ( Grotkopp et al., 2010 ;  Dawson et al., 2011 ). Using 
GCW defi nitions, a point system was implemented to rank experi-
mental species by invasive status. Th e following statuses were as-
signed “1” point: “weed”, “garden thug”, and “agricultural weed”. Th e 
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 FIGURE 1 Phylogeny of experimental  Rosa species and outgroup species. 
following statuses were assigned “2” points: “naturalized”, “casual 
alien”, “cultivation escape”, and “noxious weed”. Th e status “environ-
mental weed” was assigned “3” points because these plant species are 
known invaders of native ecosystems ( Randall, 2007 ). Additionally, 
to ensure that experimental species were introduced outside of their 
native range, all species used in this experiment were listed as one or 
more of the following: “environmental weed”, “naturalized”, “casual 
alien”, “cultivation escape”, and/or “noxious weed”. 
 Th e references listed for each experimental species were counted 
and checked for accuracy. Number of citations were ranked using the 
following system: those species with 0–7 citations were assigned “0” 
points, 8–15 citations were assigned “1” point, 16–24 citations were 
assigned “2” points, and >25 citations were assigned “3” points 
( Grotkopp et al., 2010 ). Citations were further assessed to determine 
global distributions of experimental species. To reduce reporting bias 
by certain geographical regions, we determined global distribution at 
the continental scale. Regardless of native origin, global distribution 
was assessed by the number of continents with weedy reports. Sum-
mation across all three ranking components resulted in a continuous 
scale of invasiveness ranging from 1–21 points, with “1” considered 
the least invasive and “21” considered the most invasive ( Table 1 ). 
 Seed stratifi cation and germination — Between July 2011 and 
March 2012, all experimental species were exposed to species-
specifi c warm and cold stratifi cation cycles. Because of limited 
availability, seeds were purchased from nurseries in the United 
States, Canada, and Europe ( Table 1 ). Seeds were planted in organic 
seed starter mix (Espoma Co., Millville, New Jersey, USA) in SC7 Ray 
Leach Cone-tainer cells (3.8 cm diameter  × 14 cm depth, 115mL in 
volume; Stuewe and Sons, Tangent, OR, USA). A 10% germination 
rate was assumed, (E. Wygant and H. Collins, John Carroll Univer-
sity, personal communication), resulting in 320 seeds per species 
seeded for this experiment (except  R virginiana ,  n = 176). For re-
ducing fungal growth during the stratifi cation process, seeds were 
initially watered with Captan fungicide ( ≈ 3 g·L −1 ) (Bonide Prod-
ucts, Oriskany, New York, USA). Seeds were watered again with the 
Captan solution at the beginning of the warm stratifi cation cycle 
followed by fungicide watering once every other week throughout 
the remainder of the stratifi cation process. 
 Seeds were exposed to dark, moist conditions during cold strati-
fi cation (3–4.5 ° C) in the cold room at John Carroll University 
(JCU) and during warm stratifi cation cycles ( ≥ 20.5 ° C) in the JCU. 
For those seeds that required scarifi cation, the seed coat was 
 abraded with medium-grain sandpaper. For seeds that required 
soaking, seeds were soaked 24–48 h in deionized water. Directly 
aft er scarifi cation and/or soaking, seeds were planted. Seeds were 
checked daily for germination and soil moisture. 
 Aft er  ≥ 4 wk of growth in the SC7 Ray Leach Cone-tainers,  Rosa 
seedlings were transplanted to larger D40 deepots (6.4 cm diameter  × 
25 cm depth, 656 mL volume; Stuewe and Sons, Tangent, Oregon, 
USA) in a 60% mixture of organic potting soil (Espoma Co.), 30% 
organic seed starter mix (Espoma Co.), and 10% Turface Athletics 
MVP mix (Turface Athletics Co., Buff alo Grove, Illinois, USA). For 
minimizing transplant stress, all seedlings were watered with 10% 
strength Hoagland’s solution ( Epstein, 1972 ) and exposed to ambi-
ent light in the greenhouse for at least 2 wk. 
 Assessment of early life history and phenology traits — Multiple 
early life history traits were measured before and aft er the stratifi ca-
tion process, including seed mass, seed length, germination rate, 
average days to germination, and survivorship. Before stratifi ca-
tion, seed mass (mg) ( n = 100 seeds per species) was measured us-
ing an analytical microbalance, and seed length (mm) was measured 
using digital calipers (Mitutoyo Corp., Kanagawa, Japan). Out-
group species ( Rubus parvifl orus and  Potentilla recta ) were not 
measured for seed length because their small size prevented accu-
rate measurement with the available equipment. 
 For 1 month following stratifi cation, germination rate, average days 
to germination, and survivorship were recorded for all species. Days to 
germination was determined as the average number of days to emer-
gence aft er warm stratifi cation began for each species. Germination 
rate was calculated as germinated seedlings divided by total number of 
seeds planted. Survivorship was defi ned as the number of surviving 
seedlings divided by the total number of germinated seedlings. 
 Assessment of light response traits in promoting invasiveness: 
Greenhouse experimental design and trait measurements — Using 
a split-block design, a two-level light experiment was conducted in 
the JCU research greenhouse for  ≈ 8 wk (29 May–2 August). Th is 
experimental design used light as the whole-plot factor and inva-
siveness as the subplot factor. Because of low germination, only 11 
 Rosa spp. and  P. recta were used in this experiment in which there 
was 1 replicate per treatment per block, for a total of 182 plants 
across 8 blocks ( R. carolina total  n = 10,  R. blanda total  n = 12) 
( Table 1 ). Replicates were blocked by size and randomly assigned to 
a light treatment (high light = ambient light,  ≈ 1000 μmol·m −2 ·s −1 
PPFD; low light = 67% shade cloth,  ≈ 315 μmol·m −2 ·s −1 PPFD). Rep-
licates were randomly placed throughout their assigned subplot 
and rerandomized on a biweekly basis to help reduce any edge ef-
fects caused by the shade structures. Seedlings were gradually ac-
climated to the low light treatment over 2 wk (30% shade cloth, 
 ≈ 750 μmol·m −2 ·s −1 PPFD, 29 May to 5 June; 47% shade cloth,  ≈ 500 
μmol·m −2 ·s −1 PPFD, 6 June to 12 June). 
 To reduce humidity and promote optimum air fl ow within the 
shade structure, we left  a  ≈ 5 cm uncovered border encompassing 
the lower portion of the structure. To accommodate plant growth, 
the shade structures were continually raised throughout the experi-
ment, with shade cloth added to the bottom of the structure to 
maintain the 5 cm open border. Soil was maintained at fi eld capac-
ity. Plants were watered with 10% strength modifi ed Hoagland’s 
solution ( Epstein, 1972 ) on a weekly basis; any additional watering 
was supplied with tap water. 
 Rosa species are susceptible to both fungal and insect pests (i.e., 
powdery mildew, spider mites, and ants). To optimize fungal and 
pest control, we used a series of fungal and pest treatments to pre-
vent selection of fungicide- and pesticide-resistant populations. To 
treat powdery mildew, plants were sprayed on a weekly basis, with 
one of three fungicide treatments: soapy water, 1% Fungi-onil 
(Bonide, multipurpose fungicide, active ingredient: chlorothalonil), 
or  ≈ 1% Rose Rx 3-in-1 solution (Bonide, multipurpose fungicide, in-
secticide, and miticide, active ingredient: clarifi ed hydrophobic ex-
tract of neem oil). To reduce the spread of powdery mildew, aff ected 
biomass was routinely removed, collected, and dried in a 60 ° C oven 
for 48 h. Because oil-based fungicides may infl uence stomatal be-
havior, the use of Rose Rx fungicide was stopped at least 7-d before 
gas exchange measurements. Any replicate in which  ≥ 20% of total 
biomass produced was removed due to disease was not included in 
the statistical models. Beginning in July, plants were treated every 
3–5 d with 1 of 3 pest treatments to reduce spider mites and ants: 
 ≈ 1% Rose Rx 3 in 1 solution,  ≈ 1% Orthonex solution (Ortho, active 
ingredients: Acephate and Trifl orine; Marysville, Ohio, USA), or 
 TABLE 1. Information for experimental species including common name, species abbreviations, seed source country, native region (USDA Natural Resources 
and Conservation Service), and classifi cation of invasiveness. Table is organized by increasing invasiveness, with outgroup species,  Rubus parvifl orus and 
 Potentilla recta , at the bottom of the table. Species included in the greenhouse experiment are denoted with an asterisk. 
Species Common name Species abbreviation Seed source Native region
Classifi cation of 
invasiveness
 Rosa rubrifolia Redleaf rose RORUB Canada Europe 3
 Rosa arkansana* Prairie rose ROAR USA USA 5
 Rosa carolina* Carolina rose ROCAR USA USA 5
 Rosa setigera* Climbing rose ROSE USA USA 5
 Rosa palustris* Swamp rose ROPA USA USA 6
 Rosa acicularis Prickly rose ROAC Canada USA 6
 Rosa spinosissima* Scotch rose ROSP Canada Eurasia 7
 Rosa blanda* Smooth rose ROBL USA USA 8
 Rosa virginiana* Virginia rose ROVI USA USA 10
 Rosa eglanteria* Sweetbriar rose ROEG Canada Europe 11
 Rosa wichuraiana* Memorial rose ROWI USA Asia 11
 Rosa rugosa* Rugosa rose RORUG Canada Asia 18
 Rosa canina Dog rose ROCAN Canada Europe 20
 Rosa multifl ora* Multifl ora rose ROMU Canada Asia 21
 Rubus parvifl orus Thimble-berry RUPA Canada USA 15
 Potentilla recta* Sulphur cinquefoil PORE Europe Eurasia 21
  ≈ 2% Insecticidal soap solution (Schultz, active ingredient: potas-
sium salts of fatty acids; Lansing, Michigan, USA). Liquid ant baits 
(Terro, active ingredient: Borax; Lititz, Pennsylvania, USA) were 
used to reduce ant populations. 
 Diff erences in growth were assessed by tracking leaf production 
on a weekly basis for each replicate. Total leaf production was con-
sidered as the total number of leaves produced by a replicate from 
the beginning of the experiment. Plant architecture and growth 
were assessed by counting the total number of primary branches 
(i.e., main stems) and number of secondary branches (i.e., new di-
vision or off shoot off  the main stem[s]) for each replicate. 
 Before harvest, a LI-6400 Portable Photosynthesis System (LI-
COR, Lincoln, Nebraska, USA) was used to measure photosyn-
thetic assimilation rate ( A , μmol·m −2 ·s −1 ) and stomatal conductance 
( g s , mmol·m −2 ·s −1 ) on a subset of experimental species ( R. multi-
fl ora ,  R. palustris ,  R. rugosa ,  R. spinosissima ,  R. wichuraiana ,  R. vir-
giniana , and  P. recta ). Due to time constraints, only a subset of 
species was measured for physiological responses. However, this 
subset represented a range of invasiveness, and some of the most 
and least invasive experimental species. Measurements were made 
on 6 blocks during solar noon (11:00–13:00) in late July, on a sunny 
cloudless day. Th e LICOR chamber settings were calibrated to have 
an air fl o w rate of 400 μmolˑs −1 a nd CO 2 c oncentration of 400 
μmol·mol −1 . Photosynthetic photon fl ux density (PPFD) was set to 
1000 μmol·m −2 ·s −1 (ambient light in greenhouse) for those indi-
viduals exposed to the high-light (HL) treatments. For those indi-
viduals exposed to the low-light (LL) treatments, PPFD was set to 
500 μmol·m −2 ·s −1 . On the basis of preliminary light response curves 
(data not reported), these light levels were saturating for full sun 
and shaded plants, respectively, without inducing photoinhibition. 
Selected leaves represented the youngest, fully mature leaves for 
each replicate. When a replicate’s leaf reached equlibrium in the 
LI-COR chamber, three subsample measurements were taken 
at 10-s intervals and averaged for each individual rose replicate. 
Water-use effi  ciency (WUE, μmol·mol –1 ) was also determined and 
was defi n ed as photosynthetic assimilation divided by stomatal 
conductance.
 Aft er  ≈ 6 wk of exposure to maximal treatment conditions, repli-
cates were harvested over 7 d in late July to early August for plant 
biomass. Leaf area was assessed by scanning the leaves of each rep-
licate using the image analysis WIN Rhizo soft ware package (Re-
gent Instruments, Saint-Foy, Quebec, Canada). Aft er processing, 
all plant material was dried in a 60 ° C oven for 48 h and weighed 
using an analytical balance (g). Diff erences in resource allocation 
were assessed using leaf area ratio (LAR, leaf area divided by total 
plant biomass) and specifi c leaf area (SLA, leaf area divided by leaf 
biomass). 
 Phenotypic plasticity index (PI v ) —   Functional trait plasticity was 
evaluated at the species-level, and was calculated using the pheno-
typic plasticity index (PI v ). Th is index calculates plasticity as the dif-
ference between the maximum and minimum mean trait values 
within species, divided by the maximum value ( Valladares et al., 
2006 ), thereby standardizing for direct comparisons between spe-
cies. Values for this index can range from 0 (no plasticity) to 1 
(maximum plasticity). 
 Phylogenetic generalized least squares (PGLS) and statistical 
analyses —   To accurately assess species response, our statistical ap-
proach took into consideration the evolutionary relationships 
among our plant taxa. Such an approach ensures statistical inde-
pendence between species replicates ( Felsenstein, 1985 ). Our data 
were analyzed using both generalized least squares (GLS) and phy-
logenetic generalized least squares (PGLS), which creates a vari-
ance/covariance matrix of phylogenetic structure to account for 
variation in evolutionary relationships among taxa ( Martins and 
Hansen, 1997 ;  Burns, 2004 ). Th e chloroplast phylogeny used in this 
project is from a maximum parsimony analysis of the  trnL intron 
and  trnL - F spacer and  psbA-trnH spacer of  ≈ 124 rose species ( Zhu 
et al., 2015 ). For the purposes of our project, this tree was trimmed 
to only include the relevant rose taxa ( Fig. 1 ). Th is phylogeny was 
used to create a variance/covariance matrix assuming a Brownian 
motion model of evolution (corBrownian, ape package) ( Paradis 
et al., 2004 ). Th is variance/covariance matrix was included in the 
error structure of the model for all PGLS analyses ( Martins and 
Hansen, 1997 ). GLS and PGLS analyses were conducted using R 
version 3.2.2 ( R Core Team, 2016 ). 
 Th e relationships between invasiveness and early life history 
traits were assessed with invasiveness as the predictor variable for 
each response variable. In both models, the mean life history trait 
response for each species served as replicates. Th e best fi tting model 
was chosen based on Akaike information criterion (AIC) and log-
likelihood ratio tests, where preferred models had the lower AIC 
and higher likelihood (Appendix S1, see Supplemental Data with 
the online version of this article). Following model choice, correla-
tion analyses were used to determine relationships between seed 
mass and seed length, germination rate, seedling survivorship, and 
average days to germination. 
 Functional trait value data from the greenhouse experiment 
were analyzed using models that incorporated three predictor vari-
ables: light treatment, invasiveness, and block, and an interaction 
term: light  × invasiveness for each response variable. Th ese models 
also incorporated a continuous covariate of plant age. Plant age was 
defi ned as days since germination for each replicate. A backward-
stepwise model selection approach was used to determine signifi -
cant eff ects for statistical models. Th e best fi tting model for the 
functional trait data were chosen based on AIC and log-likelihood 
ratio tests, where the preferred models had the lower AIC and 
higher likelihood (online Appendix S2). Because plasticity data did 
not meet the assumption of statistical independence, correlation 
analyses were used to determine any relationships between species-
level plasticity and invasiveness. 
 Because the distribution of secondary branching was highly 
zero-infl ated and could not be transformed to normality, it was 
analyzed using a zero-infl ated model that incorporated three pre-
dictor variables: light treatment, invasiveness, and block, an inter-
action term: light  × invasiveness, and a continuous covariate of 
plant age (pscl package) ( Zeileis et al., 2008 ). Zero-infl ated models 
have two components: a zero-infl ated component and a count 
component. Th e zero-infl ated component tests the hypothesis that 
whether roses make secondary branches depends on the model 
predictors. The count-component tests the hypothesis that 
whether roses have some secondary branching depends on model 
predictors. 
 Data were tested for normality using the Shapiro–Wilks test and 
Normal Q-Q diagnostic plots. Data were evaluated for equal vari-
ance using the Levene’s test. Functional trait values for LAR, SLA, 
and total leaf production values did not meet the equal variance 
assumption and were log-transformed. All early life history traits 
met the equal variance assumption. 
 RESULTS 
 Early life history traits — Seed length ( β = 0.01  ± 0.02,  t = 0.58,  P = 0.57; 
 Fig. 2A ) and seed mass ( β = −0.32  ± 0.25,  t = −1.29,  P = 0.22;  Fig. 2B ) 
were not signifi cantly associated with invasiveness. Although there was 
a trend for invasive species to have smaller seed mass, this trend was 
not signifi cant, largely due to the invasive species  Rosa canina having 
larger seeds. By excluding  R. canina from the statistical model, there 
was a signifi cant negative relationship between increasing invasiveness 
and seed mass ( β = −0.55  ± 0.24,  t = −2.31,  P = 0.04), but not seed 
length ( β = −0.005  ± 0.23,  t = −0.23,  P = 0.82). Th ere was no signifi cant 
relationship between invasiveness and germination rate ( t = 0.24,  P = 
0.81), seedling survivorship ( t = −1.05,  P = 0.31), or average days to 
germination ( t = 0.34,  P = 0.74). Pearson’s correlation analyses de-
tected no signifi cant correlation between seed mass and germination 
rate, seedling survivorship, or average days to germination ( Table 2 ). 
 Growth and plant architecture in response to light availability —
 Plants grown in low light conditions signifi cantly produced 2 more 
leaves compared with those plants grown under high light condi-
tions ( t = 2.79,  P = 0.006; low light: 14.63  ± 0.77 SE,  n = 72; high 
light: 12.03  ± 0.63 SE,  n = 72). Additionally, leaf production signifi -
cantly decreased with increasing invasiveness ( β = −0.05  ± 0.02,  t = 
−3.18,  P = 0.002;  Fig. 3 ) and age ( β = −0.02  ± 0.002,  t = −9.42,  P < 
0.001). However, leaf production was not associated with an inter-
action of light  × invasiveness or block ( P > 0.05). 
 In response to high light, the frequency of secondary branch pro-
duction was positively correlated with higher invasiveness ( β = 0.30  ± 
0.13,  z = 2.22  P = 0.03;  Fig. 4 ). For instance, under high light conditions 
100% of  R. multifl ora individuals ( n = 8), the most invasive rose in this 
study, produced secondary branches, but only 13% of the least invasive 
roses in this study ( R. arkanasana  n = 4,  R. carolina  n = 3, and  R. setig-
era  n = 8 individuals) produced secondary branches. Primary branch-
ing was not signifi cantly related to light availability, invasiveness, or an 
interaction of light  × invasiveness ( P > 0.05). Th ere was a signifi cant 
block eff ect for primary branch production ( t = −2.97,  P = 0.004), but 
not secondary branch production (t= 0.86,  P = 0.39). 
 Physiological measurements in response to light availability — Un-
der low light conditions, photosynthetic rates ( t = −10.98,  P < 0.001), 
stomatal conductance ( t = −3.86,  P < 0.001), and WUE ( t = −3.38, 
 P = 0.001) signifi cantly decreased. On average, photosynthetic rates 
of plants grown under low light conditions were 1.9-fold lower than 
in plants grown under high light conditions (low light: 4.36 
μmol·m −2 ·s −1  ± 0.29 SE,  n = 36; high light: 8.5 μmol·m −2 ·s −1  ± 0.42 SE, 
 n = 40). Furthermore, plants grown under low light conditions dem-
onstrated a 1.5-fold decrease in stomatal conductance rates (low 
light: 0.105 mmol·m −2 ·s −1  ± 0.011 SE,  n = 36; high light: 0.149 
mmol·m −2 ·s −1  ± 0.011 SE,  n = 40), and a 1.2-fold decrease in WUE 
(low light: 51.29 μmol·mol –1  ± 4.43 SE,  n = 36; high light: 63.15 
μmol·mol –1  ± 3.39 SE,  n = 40). Photosynthetic rate ( β = −2.85  ± 0.69, 
 t = −4.10,  P = 0.001;  Fig. 5A ) and stomatal conductance rates ( β = 
−4.36  ± 0.96,  t = −4.52,  P < 0.001;  Fig. 5B ) were negatively correlated 
with invasiveness, with higher WUE in more invasive roses ( β = 2.76  ± 
0.99,  t = 2.78,  P = 0.007;  Fig. 5C ). In response to greater light avail-
ability, more invasive roses did not have higher photosynthetic rates, 
stomatal conductance rates, or WUE ( P > 0.05;  Fig. 5A–C ). 
 Leaf morphology in response to light availability — Leaf morphol-
ogy responded as expected to light treatments, in which plants 
grown in high light conditions produced leaves with smaller SLA 
( t = 8.07,  P < 0.001) and lower LAR ( t = 7.14,  P < 0.001). On average, 
plants grown under high light conditions were 1.4 × thicker (SLA; 
low light: 319.04 cm 2 ·g −1  ± 7.35 SE,  n = 79; high light: 232.77 cm 2 ·g −1  ± 
5.89 SE,  n = 80), and 1.6 × smaller (LAR; low light: 113.76 cm 2 ·g −1  ± 
4.51 SE,  n = 79; high light: 70.72 cm 2 ·g −1  ± 2.25 SE,  n = 80) than 
plants grown under low light conditions. More invasive roses pro-
duced leaves with smaller SLA ( β = −0.08  ± 0.02,  t = −3.42,  P < 
0.001;  Fig. 6A ), but LAR was not signifi cantly associated with inva-
siveness ( β = −0.04  ± 0.02,  t = −1.8,  P = 0.07;  Fig. 6B ). Leaf mor-
phology was not signifi cantly associated with the interaction of 
light treatment  × invasiveness ( P > 0.05). 
 Functional trait plasticity: PI v — Across all rose species, some traits 
were more plastic than others ( Table 3 ). Photosynthetic rate was 
the most plastic trait with a mean PI value of 0.48, and primary 
branching was the least plastic trait with a mean PI value of 0.15. 
 FIGURE 2 (A) Seed length and (B) seed mass measurements for each inva-
siveness ranking. Data represent species means  ± SE ( n = 100). 
Across morphological traits, highly invasive  Rosa rugosa was the 
most plastic with an average PI value of 0.46, while moderately in-
vasive  Rosa wichurainana and noninvasive  Rosa palustris were the 
least plastic in their morphological traits. Across physiological 
traits, highly invasive  R. rugosa and noninvasive  R. palustris were 
the most plastic in their physiological responses ( Table 3 ). Further-
more, there was no correlation between invasiveness and trait plas-
ticity ( Table 4 ). 
 DISCUSSION 
 We used a manipulative greenhouse experiment and phylogenetic 
analyses to test two of the most persistent concepts regarding the 
success of invasive plant species, namely, that invasiveness is asso-
ciated with higher values of resource capture traits and phenotypic 
plasticity. Our results indicate that functional trait values, not plas-
ticity, likely promote the success of more invasive roses across light 
environments. More specifi cally, our experiment indicates that a 
more branched architecture and higher WUE is associated with more invasive roses. A more branched architecture may provide 
highly invasive roses a competitive advantage by monopolizing 
light availability and subsequently aff ecting neighboring plant per-
formance. Additionally, greater WUE may grant invasive roses a 
competitive advantage under drought-like conditions, a typical en-
vironmental characteristic of the edge-like habitats commonly in-
habited by these species. Th us, our study provides preliminary 
evidence that both resource capture and resource conservation 
traits could play a role in promoting the invasiveness of roses. 
 Early life history traits — Our results do not support our initial hy-
pothesis that invasiveness of  Rosa species would be positively cor-
related with early life history traits that increase establishment 
probability via sexual reproduction. In general, there was not a sig-
nifi cant relationship between invasiveness and seed size, germination 
rate, average days to germination, or seedling survivorship. It is 
interesting to note that aft er omitting the larger-seeded invasive 
species,  R. canina , from the statistical model, smaller seed mass 
was signifi cantly associated with increasing invasiveness. Smaller 
seed mass in invasive species is well documented in other taxa 
( Rejmánek and Richardson, 1996 ;  Hamilton et al., 2005 ;  Graebner 
et al., 2012 ), and the advantages to producing smaller seeds are well 
understood, including having higher seed output ( Moles and 
Westoby, 2006 ), increased dispersal ( Skarpaas et al., 2011 ), and de-
creased granivory ( Nuñez et al., 2008 ). As a result, smaller seed 
mass has been directly linked to not only increasing the propagule 
pressure and dispersal distance of invasive species at regional scales, 
but also distribution extents at the continental scale ( Hamilton 
et al., 2005 ). Identifi cation of the trend of smaller seed size in more 
invasive roses advances our understanding of an underlying trait 
 FIGURE 3 Total number of leaves produced by  Rosa species in high light 
(  , dashed line) and low light (  , solid line) environments in relation to
increasing invasiveness. Data represent individual rose replicates for
each invasiveness ranking grown under high light or low light conditions 
( n = 3–8). 
 FIGURE 4 Proportion of  Rosa individuals that produced secondary 
branches in high light (unshaded columns and dashed line) and low light 
(solid columns and solid line) environments ( n = 3–16). Data points rep-
resent frequency of individuals with secondary branching for each inva-
siveness ranking across species. 
 
 TABLE 2.  Pearson’s correlation analyses ( r ) between seed mass and other 
early life history traits, including seed length, germination rate, seedling 
survivorship, and average days to germination (ADTG). Signifi cant correlations 
are in bold. 
Variables df r  P 
Seed length 12 0.81  <0.001 
Germination rate 14 −0.16 0.54
Survivorship 13 0.25 0.36
ADTG 13 −0.06 0.82
 that may promote their dispersal and spread throughout novel 
ranges. In addition to smaller seed size, more invasive roses pro-
duced more secondary branches. Although not directly measured 
in this study, this type of branched architecture could provide inva-
sive roses with more opportunities for vegetative propagation 
through clonal spread. Stem tips are able to form roots, thereby 
forming dense thickets with a high abundance of root layering 
and arch branching ( Jesse et al., 2010 ;  Rhoads and Block, 2011 ). 
 FIGURE 6 (A) Specifi c leaf area and (B) leaf area ratio of  Rosa species in 
high light (  , dashed line) and low light (  , solid line) environments in 
relation to increasing invasiveness. Data represent individual rose repli-
cates for each invasiveness ranking grown under high light or low light 
conditions ( n = 3–8). 
 FIGURE 5 (A) Photosynthetic rate ( A ), (B) stomatal conductance ( g s ), and 
(C) water-use effi  ciency (WUE) of  Rosa species in high light (  , dashed 
line) and low light (  , solid line) environments in relation to increasing
invasiveness. Data represent individual rose replicates for each invasive-
ness ranking grown under high light or low light conditions ( n = 3–6). 
Together, these two reproductive traits may promote the spread of 
invasive roses. 
 We assessed invasiveness at the continental scale based on plant dis-
tributions. However, our seed sources were from nurseries in North 
America (except  P. recta , Europe; see  Table 1 ), which potentially limits 
the scopes of our conclusions. To fully understand the role that early 
life history traits may play in the successful invasion of  Rosa species , 
sexual reproductive traits (e.g., fl owering production, seed output, seed 
size) and vegetative growth traits (e.g., arch branching, stem tipping, 
genetic diversity of individuals) need to be evaluated using naturally 
occurring populations from native and introduced ranges. Such an ex-
periment would also provide insight into how trait variation and local 
adaptation may promote invasiveness. 
 Functional traits and their plasticity — In support of our initial hy-
pothesis, invasiveness of  Rosa species was related to plant architec-
tural traits associated with rapid resource capture, but not with 
growth. Greater invasiveness was signifi cantly associated with a 
greater ability to produce secondary branches. Th us, juveniles of 
more invasive roses naturally display more stems and denser growth 
across light availabilities. Th is growth form has been observed for 
juveniles of multiple invasive shrub species including  Elaeagnus um-
bellata ( Brantley and Young, 2010 ) and  Lonicera mackii ( Luken et al., 
1995 ). By allocating more biomass to stem production, invasive roses 
develop dense thickets that reduce self-shading and simultaneously 
allow for the monopolization of light availability ( Pickett and Kempf, 
1980 ;  Brantley and Young, 2010 ). Such a growth pattern may allow 
naturally occurring roses to optimize light capture and therefore in-
crease their overall competitive ability ( Charles-Dominique et al., 
2010 ). Th ese dense thickets also may shade neighboring plant spe-
cies, thereby reducing their survival, reproduction, and growth 
( Klionsky et al., 2011 ). Th us, although competitive ability was not 
tested in this study, branching and stem production in invasive roses 
may enhance their competitive advantage by reducing neighboring 
plant performance and survival. 
 Increased stem production has important ecophysiological im-
plications in  Rosa , in which stems may constitute a large pro-
portion of photosynthetic area. Many invasive species produce 
photosynthetic stems, including the invasive perennial forb,  Cen-
taurea maculosa , in which 36% of photosynthetically active tissue 
was stem biomass ( Hill and Germino, 2005 ). Stems of  Rosa species 
are photosynthetic. However, the proportion of photosynthetically 
active plant tissue that can be attributed to stems is unknown. Re-
gardless, possessing more photosynthetically active stems should 
increase overall photosynthetic capacity in invasive, compared with 
less invasive, species, improving their ability to capture light and 
produce biomass. 
 In contrast to our initial hypothesis, invasiveness was not signifi -
cantly related to instantaneous physiological responses associated 
with rapid resource capture. Lower leaf photosynthetic rates and 
stomatal conductance rates were associated with increasing inva-
siveness, which is likely linked to slowed growth responses in more 
invasive individuals. Th ese results diff er from a fi eld study on the 
invasive shrub,  Berberis darwinii , in which maximum photosyn-
thetic rates were nearly double that of four native species at sites 
with high light availability ( McAlpine et al., 2008 ). Similarly, our 
results diff er from two recent fi eld experiments that found more 
invasive species had higher maximum photosynthetic rate and 
therefore higher overall performance across multiple irradiance 
levels than their native congeners ( Zhao and Chen, 2011 ;  Zheng 
et al., 2012 ). Our data suggest that high physiological responses, 
especially photosynthetic rate, may not drive the success of invasive 
roses across light habitats. Lower photosynthetic carbon gain can 
limit biomass production, as was observed in the lower leaf production 
of more invasive roses, suggesting that resource conservation may 
be more important than resource capture in governing invasive-
ness for these taxa. 
 
 TABLE 3. Plasticity (PI v ) values for eight functional traits measured in this experiment: total leaf production, 1 ° branching (primary), 2 ° branching (secondary), 
photosynthetic rate ( A ), stomatal conductance ( g s ), water-use effi  ciency (WUE), specifi c l ea f are a (SL A), and  lea f are a rat io (LA R) for  eac h spe cies. Mea n 
morphological plasticity was determined by averaging the PIv  of LAR, SLA, 1 ° branching, 2 ° branching, and total leaf production. The mean physiological 
plasticity for each invasiveness ranking was determined by averaging the PIv  of  A ,  g s , and WUE. PIv  can range from 0 (no plasticity) – 1 (maximal plasticity). 
NA = unavailable data. 
Species Invasiveness
Total leaf 
production 1 ° Branching 2 ° Branching  A  g s WUE SLA LAR
Mean 
 morphological
Mean 
 physiological
ROAR 5 0.17 0.13 0 NA NA NA 0.26 0.35 0.18 NA
ROCAR 5 0.29 0.40 0 NA NA NA 0.29 0.41 0.28 NA
ROSE 5 0.05 0.17 0.8 NA NA NA 0.31 0.45 0.36 NA
ROPA 6 0.09 0.10 0 0.54 0.48 0.18 0.25 0.39 0.17 0.40
ROSP 7 0.22 0.14 0.56 0.37 0.03 0.39 0.22 0.44 0.32 0.26
ROBL 8 0.46 0.13 0 NA NA NA 0.28 0.42 0.26 NA
ROVI 10 0.22 0.19 0.24 0.44 0.12 0.09 0.24 0.34 0.24 0.22
ROEG 11 0.42 0 0 NA NA NA 0.27 0.35 0.21 NA
ROWI 11 0.16 0.09 0 0.35 0.14 0.24 0.19 0.24 0.14 0.24
RORUG 18 0.10 0.30 1 0.55 0.41 0.26 0.43 0.47 0.46 0.41
ROMU 21 0.35 0 0.55 0.41 0.39 0.09 0.24 0.36 0.30 0.30
PORE 21 NA NA NA 0.48 0.31 0.20 0.21 0.35 0.28 0.46
 TABLE 4. Pearson’s correlation ( r ) between invasiveness and PI values of 
morphological and physiological traits, including, total leaf production, 
1 ° branching (primary), 2 ° branching (secondary), photosynthetic rate ( A ), 
stomatal conductance ( g s ), water use effi  ciency (WUE), specifi c leaf area (SLA), 
and leaf area ratio (LAR). 
Functional trait df  r  P 
Total leaf production 9 0.19 0.56
1 ° Branching 9 −0.26 0.44
2 ° Branching 9 0.46 0.16
 A 5 0.43 0.34
 g s 5 0.59 0.17
WUE 5 −0.46 0.30
SLA 10 0.05 0.88
LAR 10 −0.16 0.63
 Given that stomatal conductance was signifi cantly lower in inva-
sive roses, they may have more eff ective stomatal control. Because 
CO 2 uptake is associated with water loss, having greater control 
over the opening and closing of stomata may promote more effi  -
cient water relations ( Drenovsky et al., 2012b ). Water-use effi  ciency 
(WUE) signifi cantly increased with invasiveness and was likely 
driven by reduced stomatal conductance in more invasive roses. 
Greater WUE may provide invasive roses a competitive advantage 
under drying soil conditions and suggests a potential role for re-
source conservation traits to promote their success across habitats. 
Our fi ndings are supported by recent studies investigating water 
relations in the highly invasive shrub,  Elaeagnus umbellata , in 
which its high WUE drives its competitiveness across old fi eld and 
forest understory environments ( Dornbos et al., 2016 ) and attri-
butes to its higher performance when compared with sympatric na-
tive shrubs ( Zinnert et al., 2013 ). Given the relationship that has 
been observed between effi  cient water relations and competitive 
advantages, future work should assess how multiple resource con-
servation traits, such as WUE, photosynthetic nitrogen-use effi  ciency, 
and nutrient resorption, vary across species and environments in 
this suite of roses. 
 Invasiveness was not significantly associated with leaf mor-
phological or plant growth traits promoting optimum light cap-
ture. Plants grown in low light had significantly higher SLA and 
LAR values, but these were not significantly related to invasive-
ness. These results are in contrast to a recent study in which in-
vasive shrub species were able to optimize light capture and 
absorption by producing leaves with higher SLA in low light 
( Zhao and Chen, 2011 ). It is likely that differences were not ob-
served with increasing invasiveness in our rose taxa because 
photosynthetic rate, the physiological response responsible for 
carbon gain, significantly decreased with increasing invasive-
ness. Therefore, because invasive roses had lower leaf-level pho-
tosynthetic rates, their overall biomass production was likely 
limited across light environments. 
 Contrary to our expectations, invasiveness was not related to in-
creased functional trait plasticity. Th ese results are consistent with 
multiple studies in other taxa that detected no signifi cant diff erences 
in functional trait plasticity between native and invasive species 
( Funk, 2008 ;  van Kleunen et al., 2011 ;  Dawson et al., 2012 ;  Drenovsky 
et al., 2012b ;  Matzek, 2012 ). Likewise, another study observed that 
the plastic responses of 20 invasive species mimicked those of their 
native relatives ( Godoy et al., 2011 ). It has been argued that pheno-
typic plasticity is more important at the initial stages of introduction, 
when plant survival is strongly dependent upon environmental toler-
ance and rapid acclimation ( Palacio-López and Gianoli, 2011 ). On 
the basis of our results, plasticity induced by light availability proba-
bly does not promote invasiveness in juvenile roses. Because plants 
typically experience environments in which more than one resource 
is in short supply ( Davis et al., 2000 ), the ability of roses to be plastic 
might diff er under multiple, or alternative, limiting resources. To 
fully understand the role that functional trait plasticity may play in 
promoting the invasiveness of roses, we need to assess plant re-
sponses across multilimiting gradients. 
 CONCLUSIONS 
 Th is work provides a phylogenetically structured comparative 
study of invasiveness in  Rosa . Overall, our results provide strong 
evidence that certain functional traits, not their plasticity to light, 
promote invasiveness in the roses studied. Additionally, we provide 
preliminary evidence that invasiveness may be driven by plant ar-
chitectural and resource conservation traits. Increased branching 
in more invasive roses could be a mechanism used by woody plant 
species to optimize spread via asexual propagation. Likewise, in-
creased WUE likely contributes to the success of invasive roses in 
stressful drying soils. Such work has important implications for ad-
vancing our understanding of the diff erences observed between 
noninvasive and invasive woody plant species. Future studies that 
implement multivariate frameworks within a community context 
need to be conducted to further understand these functional traits 
and how they promote invasiveness in  Rosa . 
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